3

Introduction 68
Migrations represent some of the most fascinating and energy demanding phenomena in 69 the animal world and are often typified by prolonged elevation in metabolic rate associated with 70 high levels of locomotor activity (Leffler 1993; Jonsson et al. 1997 ). The idea that elevated 71 metabolism leads to increased production of reactive oxygen species (ROS) via an increased flux 72 of electrons at the level of the electron transport chain is widespread in the literature ( The relationship between oxidative stress and life history traits is still poorly understood 81 (Speakman et al. 2015) . The majority of studies have focused on immediate and short-term 82 effects of ROS but there is increasing realization that oxidative stress will impact life histories 83 over longer timescales (Monaghan et al. 2009 ; Birnie-Gauvin et al. in press). For example, 84
Costantini et al. (2008) provided evidence that homing pigeons (Columba livia, Gmelin 1789) 85
which undergo longer flights experience greater oxidative stress than individuals which undergo 86 shorter flights as well as control individuals (no flight). The few studies published to date that 87 investigated the link between oxidative stress parameters and life-history strategies are often 88 limited to birds (Costantini 2014 and references therein), therefore restricting the generality of 89 4 those conclusions to other taxa (but see Birnie-Gauvin et al. in press for review). As a result of 90 elevated metabolism and high energetic demands during migration, we would expect migratory 91 species to be better equipped to deal with oxidative stress than non-migratory species (Costantini 92 2008) . The same pattern may exist between migratory and resident individuals within a species 93 (i.e., when a species exhibits partial migration, Chapman et al. 2011) Boel et al. 2014 ). The decision to migrate or not is thought to be made at 102 the end of the summer before spring migration (Metcalfe 1998 ). We used blood samples 103 collected in the fall to determine whether oxidative stress was associated with migration strategy 104 and migration timing in the spring. Consequently, our goal was to evaluate the link between 105 oxidative stress and partial migration in wild juvenile brown trout in relation to within-year 106 variation in timing of migration and migration strategy (migratory versus resident), and not 107 related to whether migratory individuals undertake migration in one year versus the next year 108
(between-year variation). Larger individuals are more constrained by low food availability in 109 stream environments than smaller individuals and are thus more likely to migrate to marine 110 environments, where food availability is greater (Økland et al. 1993 ; Thorpe et al. 1998) . 111
Additionally, larger individuals often have faster growth rates and higher metabolic rates 112 5 (Økland et al. 1993 ; Thorpe et al. 1998) , and thus may have higher levels of oxidative stress than 113 smaller individuals. Consequently, we predicted that: (1) larger individuals will migrate, (2) 114 individuals with higher levels of oxidative stress and lower levels of antioxidants will migrate, 115 (3) within migratory individuals, larger individuals will migrate sooner, and (4) individuals with 116 higher levels of oxidative stress and lower levels of antioxidants will migrate sooner. 117
118
Materials and Methods 119 120
Study location 121
The (1) 148
Blood sampling 149
Blood samples of 0.1mL were obtained from the caudal vasculature of individual fish using a 150 heparinized 1.5 inch 25-gauge needle. Within 10 minutes of sampling, blood was centrifuged at 151 6,000 rpm for 2 minutes, after which plasma was separated from red blood cells (RBCs). RBCs 152 were flash-frozen in liquid nitrogen and then stored at -80°C. Fish were allowed to recover in a 153 60L container of fresh stream water and were released near their site of capture. These 154 
Antioxidant capacity 158
Samples of RBCs were homogenized on ice in 1:5 lysis buffer (20mM Tris-HCl, 137mM NaCl, 159 1% NP-40, 10% glycerol, 2mM EDTA) using a handheld Tissue Master 125 (Omni 160
International, Kennesaw, GA). Lysates were centrifuged at 13,000 rpm for 5 minutes at 4°C in a 161
Hermle Labnet Z216MK (Mandel, Guelph, ON). Supernatants were separated into two: one half 162 for the antioxidant capacity assay, and the other half for the oxidative stress level assay (see 163 below). Samples were stored at -80°C until the Oxygen Radical Absorbance Capacity (ORAC) 164 assay was performed (as described in Wilson et al. 2012 ). ORAC assays were performed using a 165 The ORAC assay provides a measure of low molecular weight antioxidants, and is one of 181 the few techniques which takes the reaction of ROS to completion (Cao and Prior 1999) . Like 182 most antioxidants, low molecular weight antioxidants are typically derived from diet, and are 183 therefore expected to remain relatively consistent through time, provided that an individual 184 continues to feed on the same food sources. 185
186
Oxidative stress levels 187
Following the homogenization of the RBC samples in lysis buffer described above, supernatants 188 (half of the total amount) were further homogenized in 1:5 5% sulfosalicylic acid solution 189
(bubbled with N 2 gas). Sample lysates were centrifuged at 13,500 rpm for 10 minutes at 4°C. The model assumes DOM of fish i follows a Gaussian distribution with mean µ i specified as an 248 identity linked predictor function of the included covariates (length i , K i , OSL i , AOX i and DOT i ). 249 11 A covariate variance structure incorporating length i was used to accommodate variance 250
heterogeneity. 251
For both models, OSL was transformed to a categorical variable representing whether or 252 not individual OSL values were zero (i.e., true zeros) or not. Additionally, AOX was log-253 transformed as preliminary analysis indicated the models would otherwise violate underlying 254
assumptions. 255
We tested whether length was correlated with OSL or AOX using a linear regression 256 independently within migratory and resident individuals. 257
258
Results
259
A total of 414 juvenile brown trout were initially captured, tagged and sampled in the fall. Of 260 those fish, 24 were recaptured in the spring, of which only 13 (3.1%) were not detected at the 261 PIT antennas, and are therefore assumed to be residents. We found that 147 (35.5%) of all tagged 262 individuals were known migrants, 11 (2.7%) were predated by cormorants and 241 (58.2%) had 263 an unknown fate (presumably mortalities). Of the 147 migratory individuals from the study, a 264 subsample of 48 was randomly chosen to perform oxidative stress assays (with some individuals 265 randomly chosen within specific time intervals to ensure coverage across the migratory season), 266 while all 13 residents were assessed. Two of the migratory individuals were considered as 267 outliers and therefore removed from subsequent analyses (n = 46). 268
In the fall, migratory individuals had a higher antioxidant capacity than resident 269 individuals (GLM, Z = -2.05, P = 0.042; Figure 2) . No significant relationships were detected 270 between life-history strategy and oxidative stress levels (Z = -0.688, P = 0.49), length (Z = -1.63, 271 P = 0.10) or condition (Z = 0.25, P = 0.80). See Table 1 for all parameter values. 272
12
Within migratory individuals, day of migration was negatively correlated with 273 antioxidant capacity (t = -2.20, P = 0.0393, Figure 3A ) and body length (t = -3.81, P = 0.0005, 274 Figure 3B ), but was not associated with oxidative stress levels (t = -1.35, P = 0.18) or condition 275 (t = 0.64, P = 0.52). 276
Within migratory individuals, body length was positively correlated with oxidative stress 277 levels (t = 2.36, P = 0.023), but not antioxidant capacity (t = -1.89, P = 0.065). Within resident 278 individuals, body length was not correlated with oxidative stress levels (t = -0.35, P = 0.73) or 279 antioxidant capacity (t = -0.68, P = 0.51). 280
281
Discussion 282
Migration is an energetically demanding activity, which involves physiological costs 283 such as a consistently elevated metabolic rate, thus depleting finite resources more rapidly and 284 potentially increasing the production of reactive oxygen species (ROS) compared to non-285 migratory individuals (Leffler 1993; Jonsson et al. 1997; Costantini et al. 2007 ). Migratory 286 individuals must therefore have the ability to cope with the increased ROS production that 287 migration induces, which implies having sufficient repair mechanisms and antioxidants 288 (Costantini 2008 ). Here we tested whether this overall greater ability to deal with high levels of 289 ROS production is apparent long before migration actually occurs. 290
Migrant and resident brown trout show differences in morphological (e.g., color and body 291 form) traits, which could play a role in forging an individual's oxidative status. For example, 292 resident individuals display yellow bellies and red spots on their sides, both of which can result 293 from the presence of carotenoids, an important source of antioxidants (Youngson et al. 1997) . 294
Smolts in contrast, undergo massive physiological and morphological changes to prepare for 295 13 migration, such as silvering in colour and increased sodium potassium ATPase activity in the 296 gills (Hoar 1988 ; Aarestrup et al. 2000; Nielsen et al. 2004 ), but there is no indication that they 297 divert antioxidant resources to do so. We found that antioxidant capacity, measured as the 298 oxygen radical absorbance capacity (i.e., low molecular weight antioxidants), was higher in 299 migratory individuals than in resident individuals. These antioxidants were elevated days to 300 months in advance of migration. It is possible that residents deflect resources from building 301 antioxidant capacity to invest in coloration (i.e., carotenoids in this case). In contrast, migratory 302 individuals may invest their resources into building antioxidant capacity to deal with the 303 demands of migration. This hypothesis is further supported by our finding that migrants with 304 higher antioxidant capacity migrate earlier, perhaps as a sign that fish are ready to migrate (i.e., 305 physiologically prepared to deal with oxidative stress during migration). This also predicts that 306 later migrating individuals would increase their levels of antioxidants as they approached their 307 migration date, an intriguing area for future study. 308
We observed that larger individuals migrated sooner, which is a well-supported pattern in 309 the literature (Metcalfe et al. 1990 ; Bohlin et al. 1996) . Because fish of larger size may have 310 higher growth rates and higher metabolic rates than their smaller counterparts (Økland et al. 311 1993; Thorpe et al. 1998 ), we would predict that larger individuals have higher levels of 312 oxidative stress. Our data suggests this is the case only within migrants, where oxidative stress 313 levels were positively correlated with length, possibly emphasizing that larger individuals are 314 more constrained by low food availability in freshwater stream environments. 315
It is possible that our findings reflect other physiological differences such as differences 316 in growth rate or standard metabolic rate (SMR) among individuals, which may make an 317 individual more likely to adopt one strategy over the other. Specifically, individuals with higher 318 14 growth rates and metabolic rates may have higher antioxidant capacities to compensate for 319 higher metabolic demands, and may be more likely to migrate as these individuals are more 320 constrained by food availability. For example, Sloat and Reeves (2014) showed that rainbow 321 trout (Oncorhynchus mykiss, Walbaum 1792) with high SMR were more likely to smoltify and 322 migrate than those with lower SMR. As such, the higher antioxidant capacities we observed in 323 migrant individuals in the present study may reflect a compensatory mechanism rather than 324 individual readiness to migrate. Future studies should consider measures of SMR and oxidative 325 stress indices in the context of partial migration to answer this question, though this may 326 represent a challenge in field studies. 327
We cannot exclude the possibility that sex and age played a role in the patterns in 328 oxidative parameters observed in this study. While it has been reported that females tend to 329 migrate more often than males (reviewed in Jonsson and Jonsson 1993) , most studies of partial 330 migration do not sex juvenile fish (e.g., Morinville and Rasmussen 2003) as this process requires 331 lethal sampling or expensive laboratory assays. However, even if the observed resident/migrant 332 differences were due to sex, this itself is an intriguing possibility as no other studies that we 333 know of have documented differences in oxidative parameters due to sex in immature wild fish. provide an interesting avenue for future studies. Nonetheless, only fish between 12 and 20 cm 338 were used, which are typically thought to be 16 to 18 months of age (personal observation, K. 339
Aarestrup; Jonsson 1985) and so it is unlikely that the relationships between oxidative 340 parameters and migratory strategy can be attributed to age. Furthermore, because some 341 15 individuals may migrate after 3 years of stream residency (Økland et al. 1993 ), we cannot say for 342 certain that individuals identified as residents in this study will always remain residents; they 343 may in fact migrate during the following year. However, the factors affecting migration between 344 years may be different than those affecting migration within any given year and thus, our study 345 focused on the potential physiological aspects that underpin partial migration within one year. 346
347
Conclusion 348
To better understand the physiological factors that may promote the evolution of partial 349 migration in fish, we examined oxidative stress markers in both migrant and resident individuals 350 of brown trout. During migration, these fish must distribute their limited resources toward 351 swimming efforts, immunity, and predator avoidance among other physiological demands, in 352 addition to coping with the elevated production of ROS. We show that for migrant fish, these 353 resources are also invested toward building antioxidant capacity days to months before migration 354 occurs. Our study suggests that antioxidant capacity is associated with migratory status and 355 migratory timing in brown trout: migrants have higher antioxidant capacity than residents, and 356 within migrants those with higher antioxidant capacity migrate sooner. This has important 357 ecological implications: (1) increased antioxidant capacity may be a component of smoltification 358 for migratory fish, and (2) fish exposed to stressful conditions may be less able to invest resource 359 in antioxidants, which may delay fish in their migration, and impact population dynamics 360 
